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Abstract
Aluminum nitride (AIN) is a novel wide bandgap semiconductor. This research focused on optical
properties of AIN as well as native oxide properties of single crystal AIN. Refractive index, absorption
coefficient, and oxide film thickness were measured using absorption spectrophotometer and
ellipsometer. Additionally, we were also interested in characterizing the oxide and studying its growth
dynamics. To achieve this, we used successive ellipsometric measurements. Transmission
measurements from the spectrophotometer were analyzed, and absorption spectra between 200 and
2500 nm was numerically extracted. To analyze ellipsometric data, a two parameter analytical algorithm
was used. This calculated the best fit parameters for the oxide thickness and refractive index using a
theoretical model.
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Optical Properties and Growth Dynamics of Oxides on Single Crystal AIN
By Jacob Bugno, St. John Fisher College and
Sujit Biswas, Rensselaer Polytechnic Institute
Abstract: Aluminum nitride (AIN) is a novel wide
bandgap semiconductor. This research focused on
optical properties of AIN as well as native oxide
properties of single crystal AIN. Refractive index,
absorption coefficient, and oxide film thickness were
measured using absorption spectrophotometer and
ellipsometer. Additionally, we were also interested in
characterizing the oxide and studying its growth
dynamics. To achieve this, we used successive
ellipsometric measurements. Transmission measurements from the spectrophotometer were analyzed, and
absorption spectra between 200 and 2500 nm was
numerically extracted. To analyze ellipsometric data, a
two parameter analytical algorithm was used. This
calculated the best fit parameters for the oxide
thickness and refractive index using a theoretical
model.

Table 1: AIN physical properties
Bulk Modulus
(Dyn/cm2)
Dielectric constant
Band-gap (eV)

21.0 xlO 1
5.5-9.1
6.2

Thermal conductivity
(W/m«K)

285 - 340

Refractive index

1.9-2.2

Introduction

Pure AIN reacts with atmospheric oxygen and water
vapor to form a protective layer of oxide and
hydroxide. With a thickness between 50 - 100 A, this
layer is a combination of A1203, Al(OH)3, or Al O
(OH).

Single crystal aluminum nitride (AIN) is a relatively
new material. It has wide applications in areas of
niche technology in combination with galluim nitride
(GaN) and aluminum gallium nitride (AlxGai_xN)
heterostructures. Technological applications of this
material include cellular phones, blue-light emitting
diodes used in high-density optical data storage, UV
solid state lasers and lighting applications, and many
other opto-electronic devices [1-3].

A1203 has a crystalline structure that is hexagonal. It
also has multiple polymorphic forms with different
crystalline structure such as; a: hexagonal, y: cubic, X:
orthorhombic, 9: hexagonal. The refractive index of
A1203 varies from 1.6 to 1.8 according to wavelength
[4]. Al(OH)3 also has multiple polymorphic forms,
with a refractive index of 1.55 [4]. Al O (OH) has an
orthorhombic crystalline structure with a refractive
index of 1.65 [4].

AIN forms an excellent lattice matched substrate for
GaN and heterostrures. In order to grow epitaxial
layers, a knowledge of the surface states is necessary.
It is known that due to the high reactivity of aluminum
the surface is coated with a thin layer of native oxide
or hydroxide, however, not much is presently known
about the type of oxides that form on it. Information
available on aluminum oxides and AIN has helped us
in studying these oxides.

The crystal surface and thin films growing on AIN are
studied using the principles of interaction of light with
these oxides. These materials have identifiable optical
properties, and therefore can be characterized by
studying light reflected from these surfaces. The
reflection, transmission, and absorption of an
electromagnetic wave is determined by the complex
index of refraction N = n - ik, where n is the real part
of the refractive index and k is the extinction
coefficient. For bulk AIN, the real part of the
refractive index varies with wavelength according to
equation (1), where X is in um.

Aluminum nitride has remarkable physical properties
such as high thermal conductivity, high hardness, and
wide band gap [1,2]. AIN possesses a wurzite crystal
structure, which optically, shows bi-refringence. Table
1 shows some properties of AIN.

« = J3.1399 +

1.3786/12
3.86 U2
(1)
A2 - 0.02941225 I1 - 225.9009

When considering the incident amplitude of reflected
and refracted wave upon a boundary between two
media, we consider independently, the cases for the
components of the electric field (Es) normal and (Ep)
parallel to the plane of incidence [5].
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Another optical principle that is utilized in our
experiment is the variation of the polarization state of
light when it interacts with stratified film layers.
When linearly polarized light gets reflected from a
surface, it generally becomes elliptically polarized.
The final state of the polarization is governed by the
optical constants of the surface material. The complex
reflection amplitudes rs and r p take on an arbitrary
phase and amplitude after getting reflected from the
surface.
After using the appropriate boundary conditions, the
amplitude variations of the electric field vectors are
given by Fresnel's formulae for reflection and
transmission coefficients, listed in equations (7-10).

Figure 1: Diagram of incident and reflected electric
field components Es and Ep
The reflection coefficient R, is defined as the ratio of
the energy of the reflected and incident waves.
Therefore, Rs = r,* • r,; Rp = r p * • r p . For reflections
at normal incidence, equations (2, 3) for the reflection
coefficients, show the relationships with the optical
constants [5-7].
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Here, n is the real part of the refractive index, k the
imaginary part, and a is the absorption coefficient.
Since AIN is semitransparent, absorption has to be
taken into account. The transmitted intensity J t
depends on the absorption coefficient a, and the
thickness b, as shown in equation (4), for incident
intensity I0.
•ab

t, =

Ep

JV, cos <j>0 + JV0 cos ^,

Eis

2W 0 cos^ 0
N0 cos ^0 + Nt cos I,

(9)

(10)

and 1; ^ and <f>Q are the incident and refracted angles

(4)

-K)2ec
\-R2e-2ab

[9,10].
1, linearly polarized light
E
5-plane {

3. elliptically polarized fight!

plane of incidence

(5)

Z reflect off sample...
Figure 2: Diagram of light becoming elliptically
polarized.

Finally we extract the absorption coefficient
numerically using equation (6).

For multiple stratified films, we need to consider
multiple internal reflections within the thin films. The
total reflection from the summation of the multiple
reflections is shown in equation (11), where r01 and r, 2
represent Snell coefficients for reflection at the air to

(6)
4/4

(8)

Nocosfo+Nicosfa

(Eip, Eh), (Erp, E^, and (E,p, E^) represent the
amplitudes of the components of the incident,
reflected, and transmitted electric field vectors. A^
and Ni are the complex refractive indices of medium 0

Due to multiple reflections occurring between the
parallel faces of the crystal, there exists an infinite
series of transmitted and reflected waves. We can sum
up this series and calculate the total transmittance in
terms of the reflection coefficient, absorption
coefficient, and sample thickness, as shown in
equation (5) [1,5-7].

b IV

=N0cosj0-NtCosfa

2N0cos<^0

k = —a
4n

!.*

rs
Eis

(7)

(2)

H r £
(n + \) +k

=

E-rp _ Nlcos^0
-N0cosfa
Nl cos^ 0 + N0cosfa
E,.

2/

13
https://fisherpub.sjf.edu/ur/vol7/iss1/5

2

Bugno and Biswas: Optical Properties and Growth Dynamics of Oxides on Single Crystal AIN

thin film interface and at the thin film to substrate
interface, respectively.
R=r0l+rne

listed values in literature allows us to characterize
them.

-jip

\ + r0lrne-np

Experimental Setup

01)

Our ellipsometry was done using a variable angle
spectroscopic ellipsometer (VASE), M44 from
Woollam Research. The configuration used is known
as a rotating analyzer ellipsometer.

The phase angle is represented by fi, as shown in
equation (12). Here X is the free space wavelength, d\
is the film thickness, Nt is the complex index of
refraction, and ^
film.

is the angle of refraction in the

W, cos ^

(12)

> - * #
In a rotating analyzer ellipsometer (RAE), data is
collected from the detector by monitoring the intensity
of the reflected light passing through an analyzer
which rotates at constant speed. This signal voltage V,
varies with the degree of analyzer rotation 0 as shown
in equation (13).
V = ao{\ + a2cos20 + b2sin20}

K

(13)

The ellipsometer can perform
spectroscopic
measurement, and therefore it uses a quartz tungsten
halogen (QTH) lamp providing 44 discrete
wavelengths ranging from 410 - 740 nm. Partially
polarized light from the source is first sent through a
monochromator which converts it into plane polarized
light. It then passes through a compensator, where the
linearly polarized light is circularly polarized. Once
the light has become circularly polarized it is then
ready to interact with the sample. The beam width is
around 1mm to 5mm depending on the angle of
incidence. After the light has reflected off the sample,
the polarization state generally changes into an
elliptically polarized state. This reflected beam is now
analyzed to detect how the polarization state has
changed due to the interaction. During the first part of
the analysis, the beam passes through the rotating
analyzer, which again polarizes the beam linearly.
After the beam has passed through the analyzer it
enters the detector. The purpose of the detector is to
measure the intensity of the light passing through the
analyzer. As the analyzer rotates at a constant rate, it
selects the polarization state of the elliptically
polarized light. The intensity cyclically varies as in
equation (13) as the analyzer rotates. This signal is
fitted with Fourier coefficients, which allow us to
determine the exact state of the elliptical polarization.
Since the initial and final polarizations are known, the
intensity will be dependent on the change in
polarization due to the sample and its optical
properties. These physical properties of interest are
now calculated by modeling the stacked structure
theoretically and comparing it to the experimental

(14)

(15)

tany/ =

l+a
\~a

(16)

cos A =

P

(17)

s

Figure 3: Figure of a rotating compensator
Ellipsometer.
Ls: light source, P: polarizer, C: compensator
A: analyzer, D: detector

In the above equations the coefficients a0> a2, and b2
are the Fourier coefficients used to represent the signal
voltage. The useful ellipsometric variables Psi (V) and
Delta (A), can now be calculated from the Fourier
coefficients as shown in equation (14 - 17).

a -

^

Vi-«:
These two important ellipsometric variables contain
all the information that is necessary to determine most
of the film characteristics.
Our strategy is to find the absorption coefficient of the
AIN crystal. Together with the refractive index of the
material, we can determine the refractive index of the
thin oxide film and its thickness. Matching the oxide
refractive index obtained from the experiment, with

14
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data. The best match with theory and experiment
determines the optical parameters. We have used this
equipment to characterize the oxide films and their
thickness.

SN#104A(298um)Pos2

The other piece of equipment used is the UV-visibleinfrared absorption spectro-photometer, Cary 5e from
Varian. The model covers wavelengths from soft
ultraviolet to near infrared, with a useful range of 200
- 2500 nm. After light exits the light source it passes
into the monochromator, where the monochromatic
grating disperses the light into its monochromatic
components. It then travels down to the collimator and
is directed toward the slit. This slit serves to reduce
scattered light. After passing through the slit and
measurement chamber where the sample is placed, the
light enters the detector. There are two detectors to
cover the entire range. For UV-Vis a R928
photomultiplier tube is used. For the NIR, an
electrothermally controlled lead sulfide photocell is
used. These detectors were found to be sensitive to the
polarization state of light.

Wavee
l ngth (nm)
Figure 5: Graph of sample, where zero represents no
transmitted
light and one represents total transmittance.
A slit diameter of 2mm allows us to select a specific
position on the sample where data is to be gathered.
The intensity recorded with a sample present is the
normalized transmittance, calculated as the ratio of the
intensity measured with sample to that of free space
for every wavelength. We collect and save data for a
specific position and then rotate the date 90° and
collect another data set for the same position. This
rotation is done to test the fluctuations caused by the
bi-refringence of the samples; which then interacts
with the polarization sensitivity of the detectors. The
data is presented graphically in real time with
wavelength on the x-axis and transmission on the yaxis as in figure (5).

Collimator
Light
Source

Monochromator

Sample
- 5 -

Detector

Polarizer Depolarizer
Figure 4: Diagram of spectrophotometer setup.
Data collection and analysis
Transmission and ellipsometric data from the AIN
crystals must be obtained. This data will then be
processed using a computer to give us the
corresponding absorption coefficient, oxide thickness,
and oxide refractive index.

From here we export the data and, using equation (6),
transform it to obtain a graph of absorption vs.
wavelength as shown in figure (6).
SN#1WA(298um)Po«1

In order to obtain the transmission data, we first take a
baseline measurement where no sample is present.
The baseline measurement is used to determine the
intensity of light without any sample, which is used to
normalize the transmission data. Samples are mounted
onto a sample holder and placed in contact with a very
small slit.

1000

1500 2000
Wavee
l ngth (nm)

2SO0

3000

Figure 6: Absorption vs. wavelength graph.
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Possible diagrams for these donor and acceptor
impurities are shown in figures (9 and 10).

SN*181a (93um) Pe
i ce 2 - 90deg

Conduction Band

Acceptor States
E„~6.2eV
Energy (eV)
Figure 7: Absorption vs. Energy graph
Instead of presenting the data as a function of
wavelength, a more suitable variable is energy. After
the transformation, we can see very low absorption in
the infrared region. Referring to figure (7), we see the
absorption band edge of AIN at the 6.2 eV. We can
also see a smaller peak at around 4.6 eV. These
smaller peaks at lower energies represent impurities
and defect states in the crystal. We have witnessed this
in many of the samples as shown in figure (8a, b).

Valence Band
Figure 9: Acceptor impurity diagram. Electrons from
the valence band are able to become excited into
acceptor states caused by impurities.
Conduction Band

SN#176(966um)-0doB
E„~6.2eV
Donor States

Valence Band
Figure 10: Donor impurity diagram. Electrons from
donor states cause by impurities are able to be
excited into the conduction band.

1000

1500 2000
Wavelength (nm)
SN 611 (2!0um) Pos 1 Ange
l 90

Our ellipsometric data is collected at 44 fixed
wavelengths. We calibrate the ellipsometer using a
silicon/silicon oxide wafer. The sample is then
positioned
for
measurement.
Single
angle
spectroscopic scans are performed at a few selected
angles within the range of interest. The instrument
was realigned at every new angle of incidence setting
before scans are repeated. This allowed us to prevent
errors due to misalignment. Scans are performed
between 55 and 75 degrees, in increments of 2
degrees. The resulting data obtained was Psi Q¥) and
Delta (A) variance with wavelength.

Wavelength (nm)
Figure 8a,b: Two samples showing distinct absorption
peaks before the band edge.

We plot three dimensional graphs of our data on a
sample with oxide, as shown in figure (1 la,b).

The intensity of the peaks corresponds to the density
of impurity at that particular energy. We believe these
peaks in absorption to be caused by impurity levels
within the band gap. These impurities may be
classified as donor or acceptor impurities. The type of
impurity is determined by an excess of Al, N, or O.
16
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Figure 12a,b: Data from fitting program on oxide
refractive index and thickness.

Figure 1 la,b: Experimental Psi and Delta data for
sample #128

We found the refractive index to be approximately
1.55. This corresponds to the hydroxide of Al, namely
Al(OH)3. The thickness is close to 230 A. This value
is the average of the minimum and maximum values
found in the fitting. The thickness varies with
wavelength, showing a definite trend. We believe this
is because the absorption coefficient was arbitrarily
set to zero in our model, which in reality is non-zero,
but small in magnitude. The oxide absorption may
also be a small non-zero quantity. More involved
multivariate analysis is required to extract this
information.

We implemented a x2 fitting program in matlab to
extract the real part of the refractive index and
thickness of the oxide. The fitting is done at individual
wavelengths where the refractive index for AIN is
determined using equation (1). The imaginary part of
the refractive index, related to the absorption
coefficient of AIN and the oxide are set to zero, as a
first approximation. The thickness and real part of
refractive index for the oxide was varied to determine
the best fit between experimental data and theoretical
model.

We took freshly etched samples of AIN. Sample #197
is 5° off c-axis orientation for the crystal, and sample
#422 is 1° less of the m-face. Measurements were
taken spaced at 8 hours, and 14 hours. The analyzed
data, shown in figure (13a,b and 14a,b) did not show
any presence of oxide.

17
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Angel of incidence

Angel o. Incidence
Figure 14a,b: Experimental Psi and Delta data for
sample #197
This absence of oxides is beneficial for fabrication, as
the sample was exposed to dry atmosphere for more
than 1 day. We can conclude that the thickness of the
oxide or hydroxide forming on the sample is very thin,
possibly only two atomic layers. This is below the
minimum measurement threshold of the ellipsometer
which is approximately 10A. This value was found by
looking at the lowest variations that can be measured
by the ellipsometer, compared to our analytical model.

Figure 13a,b: Experimental Psi and Delta data for
sample #422

- ;•:' \ ~
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190160
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Observations and Remaining Work
One of the first issues encountered in the transmission
graphs from the absorption spectrophotometer was a
discontinuity at approximately 890 nm. This is where
the source, detector, and grating changes. We
attributed the fluctuations in the transmission to this
equipment change, along with the source and optics
inherent polarizations. Our sample is also birefringent; therefore, depending which crystal face
orientation we are testing, different results are
obtained. To correct this problem, the light will be
polarized before the sample and then depolarized after
the sample. We believe that the use of this optical
combination will lower, and possibly eliminate, the
effects of the anomaly caused by the internal
component changes that occur during a single scan.
Problems also emerged with the use of the
ellipsometer. AIN is semitransparent, therefore we
were concerned our data may have contained signals
from the crystal surface and from the interface of the
substrate it is resting on. To correct this, we looked
into using a material whose properties are already
known as the sample base. The light reflected from the
surface is 1000 times stronger then from the lower
surface, eliminating the problem. Placing the sample
with a deep groove underneath will also solve the
problem, since the probed part of the sample is in
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contact with air on both faces. Another consideration
that came up concerning the ellipsometer is the beam
width. Due to small sample size, it is sometimes
difficult to get the full beam onto a sample at a large
angle of incidence. Suitable aperture adjustment built
into the equipment has resolved the problem.
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